Micro-tubular SOFCs (Solid Oxide Fuel Cells) with internal conduction layer were fabricated by controlling the shrinkage of the inner anode layer to avoid the delamination or breakage of the cell during sintering. In order to fabricate these cells, pre-sintering of anode tubes were examined in a temperature range of 10001350°C. Micro close end tubular cells were successfully prepared by using this pre-sintering at 1100°C. The micro-tubular cells with close end show good tolerance to repeating thermal cycles due to their unique shape. Because of one end connection, the polarization of them was larger than the common tubular cells with two end connection and needed to be improved, which was solved by the application of internal porous conduction layer. As demonstrated by this work, maximum power density of 0.6 W/cm 2 at 600°C was obtained after application of a thin nickel conductive layer, which was as thin as 20¯m.
Introduction
SOFCs have been widely studied and recently were used for housing power generation unit, which is known as Enefarm μ in Japan. GDC (Gadolinium Doped Ceria), which shows superior ion conduction even at 500600°C, has been used for medium temperature operation. 1) As a small portable power unit, micro tubular SOFC is one of the candidates to obtain high power/ volume performance.
2), 3) AIST group has shown the promising data to make small power unit using micro SOFCs. 4) Figure 1 shows the three types of micro tubular cell, i.e. common micro tubular cell and micro close end tubular cell with and without conduction layer. Our group has been intensively working on the preparation of micro tubular cells by the slurry coating method due to its good reproducibility and controllability. 5),6) It is confirmed that this process can be applied for the more complicated fuel cells prepared on a plastic mold made by 3D printing process. 7) However, a problem was found with this method that normal tubular cells were difficult to be fixed on the stage and sometimes were easily broken after high temperature operation due to the large thermal stress from fixed two ends of tube. In order to solve this problem, we proposed a micro close end tubular SOFC which can freely expand and shrink depending on operation temperatures, as shown by Figs. 1(b) and 1(c).
The most important factor to fabricate this close end tubular cell is to adjust its firing condition to make desirable microstructure. It is well-known that sintering of electrolyte/anode micro tubes are greatly enhanced by the shrinkage of anode layer. 8),9) A decrease of ³100°C in co-sintering temperature is commonly observed for Gd 3+ doped ceria electrolyte on NiOGDC anode tubes, often leads to the delamination of electrolyte layer. Molla et al. suggested the importance of the induced stress during sintering for the bi-layer tubular structure. Especially, hoop stress shows dominant effects on the densification of GDCMgO tubular structures. 10) In this work, the shrinkage behavior of anode layer was monitored as a function of pre-sintering temperature to avoid delamination, since the anode layer shrank much more than electrolyte layer due to the addition of pore former.
For the anode supported close end tubular SOFC, the large polarization derived from inner anode should be reduced. De la Torre et al. suggested that metal wire set inside micro-tubular cell greatly improved its performance.
11) It is, however, complicated to set a Ni wire around carbon composite substrate, and mass fabrication of cells might not be feasible through this process. Thick porous FeNi bimetal pellets or tubes are also produced by pressing or by the extrusion method as a conductive support for fuel cells. 12),13) But this process might not be appropriate to produce micro close end tubes having thinner wall. In this work, we examined the availability of thinner conductive layer formed inside tubes as shown in Fig. 1(c) , because our coating and separation process can make thinner wall tubes less than 50¯m easily compared with the other processes. A porous Ni conductive layer was formed inside close end tube as same as anode, electrolyte, and cathode layers, which provide a feasible method to produce a large number of cells by repeating simple dip-coating.
Experimental procedure

Preparation of test tubular cells
Multi-layered fuel cells were fabricated by the dip-coating process using ceramic slurries that we have already reported previously. 5),6) Starting materials and compositions of each layer were summarized in Table 1 . A mixture of nickel oxide (Kishida Chemical Co. Ltd.) and gadolinium doped ceria (CGO 90/10 SY LSA, Anan Kasei Co. Ltd.) was used for the preparation of anode and electrolyte slurries. 8 mass % of rice starch (Sigma-Aldrich) was also mixed into the slurry when porous structure was desired. Experimental flow was shown in Fig. 2 . Anode slurry was dipcoated on a 3 mmº steel rod substrate with round end, after drying the anode test tube was separated from the steel rod and then, was pre-sintered in a temperature range of 1000 to 1350°C to adjust the degree of shrinkage in the final sintering. Linear shrinkage of the anode tubular substrate was monitored by measuring its diameter before and after pre-sintering. The sintering of the electrolyte/anode tubes were carried out at 1350°C for 2 h after removing of the binder at lower temperatures up to 600°C. Preparation of cathode layer on the sintered electrolyte/anode layered tubes was also conducted at 1050°C for 2 h.
An internal conduction layer was formed to improve anode current collection, because the conductivity of Ni porous layer is two orders of magnitude larger than that of anode material, i.e. NiGDC. A porous Ni conductive layer was formed in the close end tube as a first coating layer on steel wire before coating of anode. 8 mol % of rice starch was also added to the applied NiO slurry. Total thickness of the anode and conduction layers was fixed to 250¯m to observe the effect of porous Ni conduction layer. Then the anode thickness decreased to 50¯m with a conduction layer of 100¯m.
Characterization
The microstructure of the prepared close end tubular cells was observed by scanning electron microscopy (SEM, JEOL, JSM-5600). Electric measurement was carried out using an arrangement shown in Fig. 1 . Fuel cell performance was characterized in a temperature range from 400 to 600°C by Solartron 1255B and S11287 system. Fuel gas was introduced to inside tubes through much thinner alumina tube. Anode fuel gas: a mixture of 20 mL/min. H 2 and 20 mL/min N 2 humidified with water at 30°C, and cathode gas: Air 150 mL/min. When porous Ni layer was formed inside anode, lead wire contacted this Ni layer. Cycle test was carried out between room temperature to 600°C at a heating rate of 10°C/min, by monitoring its power density up to 10 times.
Results and discussion
3.1 Adjustment of shrinkage of anode for the cofiring of electrolyte/anode bi-layered tubes
Co-firing of the electrolyte/anode bi-layer has been commonly used for the fabrication of SOFCs. Especially, co-firing of JCS-Japan electrolyte/anode tubular cells was usually carried out at lower temperatures compared with those of flat sheet cells, since large shrinkage occurring inside tubes enhanced the densification of electrolyte layer by the high induced stress. 9) In many cases the sintering temperature was 50 to100°C lower than that of flat stack cells.
8),9)
First, co-sintering of the electrolyte/anode green tubes were tried similarly to the common micro tubular cell as reported in the previous studies. However, all of the close end tubular cells were broken. It was thought that the large shrinkage of anode green tube leads to the break of the electrolyte layer. Molla et al. suggested the radial stresses in the bi-layered tubular structures are very small as compared to the hoop stresses. 10) In our system, shrinkage of inner anode layer is much larger than GDC electrolyte layer. To solve this problem, we controlled the shrinkage of anode tubes by the pre-sintering above 1000°C. Figure 3 shows the linear shrinkage of the anode tubes as a function of pre-sintering temperature, revealing that the anode tube shrank more than 15% by the sintering at 1350°C for 1 h. It is estimated that the electrolyte layer was exposed to large compressive stress, leading to the delamination and breakage of the electrolyte layer. The pre-sintering, which reduces the thermal stress during the co-firing of anode/electro bi-layers, was examined by making close end tubular cells by changing the pre-sintering temperature. Close end tubular cells were successfully prepared by the presintering at 1100°C as shown in Fig. 4 . The microstructure of electrolyte was examined via SEM after sintering, revealing that the microstructure of the electrolyte prepared with pre-sintering at 1100°C was dense enough, while pre-sintering over 1200°C led to rather porous microstructure due to the smaller compressive stress during the sintering. These two samples were examined by the power generation performance in the following section. Thermal stress induced by the shrinkage of anode was a key factor for making a dense electrolyte layer. Further investigation on the densification and the induced stress during sintering is required by following the studies on multilayered structures reported by Molla and Olevsky et al. 10 ),14)16) High quality cells with a dense electrolyte layer were successfully made only by the pre-sintering process at 1100°C, meaning around 10% of linear shrinkage is desirable for the inner anode.
Characterization 3.2.1 Micro close end tubular cell without conduction layer
The power generation performance of the close end tubular cells was shown in Figs. 5(a) and 5(b) . The tubular cell prepared by the pre-sintering at 1350°C shows the much smaller maximum power density (MPB) compared with that pre-sintered at 1100°C, suggesting the importance of the well-densified electrolyte structure. The maximum power density of the cell prepared via presintering at 1100°C reached to 0.12 W/cm 2 at 600°C, which is still smaller than those of common open end tubular cells. The reason for this degraded performance was ascribed to its poor current collection, because the close end tubular cell only use one side for the current collection as described in Fig. 1(b) . The resultant impedance plots shown in Fig. 5(b) clearly suggested the large interfacial polarization for these cells.
Micro close end tubular cell with an internal conduction layer
In order to decrease this polarization, we made an internal conduction layer inside the anode. Compared to the nickel metal wire, this layer was easily formed and had good contact with the anode layer due to the large contact area with the anode. It is possible to make a Ni layer with a precisely controlled thickness by changing the slurry concentration and withdrawal speed of coating. Total thickness of the anode and conduction layers after firing was adjusted to 250¯m. And the thickness of each layer is represented as Cell (thickness of conduction layerthickness of anode layer), for example, Cell 20-230.
SEM micrograph of the four layered cell prepared by presintering at 1100°C was shown in Fig. 6 . Highly porous anode and conduction layer were observed, while the electrolyte layer is dense enough for power generation at elevated temperatures. No crack between these layers was observed between these layers even at top cone area. , suggesting that even the thinnest conduction layer of 20¯m greatly improved their performance. From the impedance spectra of Fig. 7(b) , the interfacial polarization is almost one seventh of the cell without conduction layer. It is also estimated that the resistivity can be reduced if the anode layer became much thinner. We successfully fabricated a thin wall close end tubular cell with anode and conduction layer thicknesses of 50 and 100¯m, respectively. Figure 8 is the power generation behavior as a function of temperatures from 400 to 600°C. The maximum power density at 600°C was also enhanced to 0.60 W/cm 2 , which is almost the same as the micro-tubular cells with two open ends.
6) The fuel efficiency of the Cell 100-50 was calculated as 52%, which could be improved by the microstructure design and the arrangement of operation equipment. Finally, the stability of the cells according to heating cycles was checked by changing operation temperatures from room temperature to 600°C for ten times with a heating rate of 10°C/min. Figure 9 demonstrates that the power density observed at 600°C does not change at all by this operation. After the operation, the microstructure of the cell was also examined by SEM, showing no damage at the interface between the electrolyte, electrodes, and Ni conductor. This result suggested that the remaining stress in the prepared cell is not severe to cause the breakage during operation.
Conclusions
Fabrication of a new test tubular cell with a thinner wall was investigated. Preparation of micro test tubular cells was successfully achieved by the pre-sintering process at 1100°C. Application of a porous Ni conduction layer was also studied for making superior fuel cell free from delamination and breakage during high temperature operation. Interfacial polarization was remarkably reduced by this attempt, and the maximum power density of the cell reached to 0.6 W/cm 2 . This process affords a new process to produce rather complicated micro SOFCs and to improve their performance using a thin porous metal layer as a current collector. 
